INTRODUCTION
Concrete and soil are dealt with in great quantities in construction. Studies have shown that the properties of these materials can be enhanced by fiber reinforcement [1] . A brief review is provided in this article on the advantages of fiber reinforcement of concrete and soil. Laboratory and field studies using carpet waste fibers for concrete and soil reinforcement are described.
The carpet waste generated each year and accumulated in landfills represents an abundance of useful resources, as it may be converted into various useful products The rate of carpet disposal is about 2-3 million tons per year in the U.S. [2] , and about 4-6 million tons per year worldwide. A carpet typically consists of two layers of backing (usually fabrics from polypropylene tape yarns), joined by CaCO 3 filled styrene-butadiene latex rubber (SBR), and face fibers (majority being nylon 6 and nylon 66 textured yarns) tufted into the primary backing. To use postconsumer carpet as concrete or soil reinforcement, the carpet is shredded to recover fibers. It is generally not necessary to disassemble yarns in the carpet into individual fibers. The sizereduction process yields the following from post-consumer carpet:
• Discontinuous face yarns, which are fiber bundles with a low twist, • Individual fibers from face yarn and backing fabrics, • Powder-like substances from filled latex adhesive and soil trapped in the used carpet
In the size-reduction process, some adhesive is removed and some still remains on the fibers. For both concrete and soil reinforcement, it is not necessary to completely remove the adhesive, avoiding the process of cleaning and separation. Therefore carpet can be converted to fibers at very low cost for concrete and soil reinforcement.
Fiber Reinforced Concrete
Concrete is the most heavily used construction material in the world. However, it has low tensile strength, low ductility, and low energy absorption. An intrinsic cause of the poor tensile behavior of concrete is its low toughness and the presence of defects. Therefore improving concrete toughness and reducing the size and amount of defects in concrete would lead to better concrete performance. An effective way to improve the toughness of concrete is by adding a small fraction (usually 0.5-2% by volume) of short fibers to the concrete mix during mixing. In the fracture process of fiber reinforced concrete (FRC), fibers bridging the cracks in the matrix can provide resistance to crack propagation and crack opening before being pulled out or stressed to rupture. After extensive studies it is widely accepted that such fiber reinforcement can significantly improve the tensile properties of concrete. Orders of magnitude increases in toughness (energy absorption) over plain concrete is commonly observed [3, 4, 5, 6] . Another advantage of fiber reinforcement is the reduction of the shrinkage and shrinkage cracking of concrete associated with hardening and curing. Reduced shrinkage cracking has been observed even with fiber volume fractions as low as 0.1% of polypropylene fibers [7] .
Other benefits of fiber reinforced concrete include improved fatigue strength, wear resistance and durability [6] . By using FRC instead of conventional concrete, section thickness can be reduced and cracking can be effectively controlled, resulting in lighter structures with longer expected life [3] . Fiber reinforced concrete is currently being used in many applications including buildings, highway overlays, bridges, and airport runways [3, 4, 6] . In load bearing applications it is generally used along with traditional steel reinforcement [8] . In building constructions it has become a more common practice to use low-dosage synthetic fiber reinforcement for floor slabs.
Fibers for concrete reinforcement generally need to be durable in the cementitious environment, be easily dispersed in concrete mix, have good mechanical properties, and be of appropriate geometric configuration in order to be effective. Many fibers have been used for concrete reinforcement and some of them are widely available for commercial applications. They include steel, glass, natural cellulose, carbon, nylon, and polypropylene, among others. Studies have suggested that polypropylene and nylon, the major fiber types in carpet, are not degraded due to the alkalinity of Portland cement, and are expected to be very durable in concrete [5, 6, 9] . Some polyester fibers, on the other hand show significant degradation in Portland cement [5] . Although nylon and polypropylene account for about 90% of fibers used to manufacture carpet [10] , sorting carpet according to the type of face fiber is needed for concrete reinforcement.
Recycled Fiber Reinforced Concrete
Recycled fibers from various sources have been studied as reinforcement in concrete, including tire cords, carpet fibers, feather fibers, steel shavings, wood fibers from paper waste, and high density polyethylene [11] .
Wang et al [12, 13] conducted a laboratory study on concrete reinforcement with carpet waste fibers. The carpet waste fibers used were shredded from carpet trims, a waste generated in carpet manufacturing. A quantitative analysis of the shredded edge trim was conducted, and the relative amount the primary components were as follows: polypropylene (36%), nylon (18%), and SBR+CaCO 3 (46%). Only the actual fiber portion (excluding SBR+CaCO 3 ) was included for calculating the fiber volume fraction for the waste fiber reinforced concrete. The fiber length was not uniform and typically ranged from 12 to 25 mm. FiberMesh, a virgin polypropylene fiber (19 mm long) was also used in the study for comparison purposes.
In commercial applications, low dosage reinforcement with synthetic fibers, mostly polypropylene at about 0.1 vol. %, is widely used for controlling shrinkage cracking. For structural applications, however, a higher dosage (1-2 vol. %) may be desirable. To evaluate the effect of fiber dosage rate on FRC properties, a test program was carried out on the flexural and compressive properties of concrete containing various dosages of fibers [13] . The dosage ranged from 0.89 to 17.85 kg/m 3 for the recycled carpet material (Mixes 2-8 in Table 1 ), based on the total weight of the shredded material including SBR and CaCO 3 . Specimens with FiberMesh virgin polypropylene at 0.89 kg/m 3 were also tested (Mix 1). Since the carpet waste contains components besides fibers and since nylon has a higher density than polypropylene, the estimated fiber volume fraction in Table 1 for the recycled fibers is lower than that with virgin polypropylene, even at the same dosage rate based on fiber mass. The concrete mix used was in the following proportions: cement (1.00), water (0.44), sand (1.71), crushed rock (2.63), and appropriate amount of fiber. No chemical admixtures were added. Table 1 summarizes the test results of the second laboratory study [13] , in which each data point represents the average from about 10 specimens. The workability of the fresh concrete was measured by a slump test in accordance with ASTM C143-90a. Good workability (180 to 230 mm slump) was observed for mixes with up to 1.8 3 . Thus the workability for dosages from 5.95 to 11.9 kg/m 3 is low but manageable. In actual construction, a small amount of superplasticizer can be added to increase the workability to an acceptable level.
The compressive test was conducted on 76 mm (diameter) by 152 mm (height) cylinders according to ASTM C39-86 at an age of 28 days. As seen from Table 1 , the compressive strengths varied from mix to mix, most likely due to normal variation. However, it appears that the compressive strength for Mix 8 with 1.4 vol. % waste fibers was lower due to the fiber addition. In all the tests, good shatter resistance was observed because of the fiber reinforcement, especially in those with relatively high fiber dosage rates (Mixes 5-8).
The flexural test was performed on 102×102×356 mm beams following ASTM C1018-97 at a span length of 305 mm. Typical flexural test curves for selected mixes are shown in Figure 1 . From Table 1 it is seen that the flexural strength, corresponding to the maximum flexural load in the test, was similar for all the mixes, suggesting that the addition of fibers to concrete had little effect upon the flexural strength of the concrete beams. The variability, as represented by the coefficient of variation, was generally low.
It was observed that the plain concrete samples broke into two pieces once the peak load was reached, with very little energy absorption. The FRC specimens, on the other hand, exhibited a pseudo ductile behavior due to fibers bridging the crack. Because of the fiber bridging mechanism, the energy absorption during flexural failure was found to be much higher than that for plain concrete. ASTM C1018-97 is a standard test method to characterize the toughness of fiber reinforced concrete. Toughness indices indicate the energy absorption ratio compared with a perfectly brittle material. I 5 , I 10 , and I 20 are the three indices calculated from the flexural loaddeflection curve for three different deflection ranges: 3.5, 5.5 and 10.5 times the first-crack deflection, respectively.
It can be observed from the data in Table 1 that the I 5 index was insensitive to the fiber dosage rate. I 10 and I 20 , corresponding to larger deflection ranges, showed an increase with the dosage rate. The mixes with high fiber content exhibited very good toughness properties. These mixes could be used for structural applications and highway pavements. After the peak load corresponding to matrix cracking, fiber reinforced concrete can still carry a significant level of load over a wide range of continued deflection. Thus the fibers are very effective in keeping the cracked concrete pieces together and preventing spalling and pothole formation. For applications where the goal of reinforcement is to provide integrity to concrete rather than to carry tensile load, discontinuous fibers may be used to replace steel rebars. One such example might be a pavement on a relatively stiff foundation.
Carpet waste fibers have been used in full-scale construction projects, such as the 11,000 m 2 R&D Center of Shaw Industries, Inc. in Dalton, Georgia. About 20 tons of carpet production waste was consumed in the project at a fiber dosage rate of 5.95 kg/m 3 . Mixing was done by adding fibers to the mixing truck directly, after which the fibers were found to be uniformly dispersed in the concrete without balling or clumping. Mixing, pouring, and finishing followed standard procedures, used conventional equipment, and went smoothly. Such concrete containing waste fibers was used for floor slabs, driveways, and walls of the building. The project demonstrated the feasibility of using large amount of carpet waste for concrete reinforcement in a full scale construction project. Naaman et al [14] investigated the effect of polypropylene fibers from carpet waste on the flexural and compressive behavior of concrete and mortar. The fibers were obtained from shredded carpet backing. The fiber length ranged from near zero (powder) to about 25 mm, and about 40% of the fibers were shorter than 5 mm. Five fiber volume fractions were used: 0.15, 1.0, 1.3, 2.6, and 3.9%. The matrices included concrete with coarse aggregates, mortar with regular river sand, and mortar with very fine silica sand. Type I Portland cement was used with a water to cement ratio of 0.60 to 0.63.
The study revealed that the waste polypropylene fibers were more efficient in matrices with finer aggregates. There was a significant improvement in the flexural properties with a 2.6 vol. % fiber reinforcement. No significant improvement in bending was observed for V f below 1.3%, and a slight decrease in performance was observed when V f increased from 2.6 to 3.9%. The compressive stress-strain behavior of concrete was not improved by the polypropylene fibers.
Groom et al [7] investigated the potential of using nylon fibers to reduce plastic shrinkage cracking in concrete. The nylon fibers were from waste nylon yarns from the carpet tufting operation, cut into a 6.4 mm or a 19.1 mm length. In their laboratory studies, the properties of fresh concrete and the flexural, compressive and splitting tensile strengths of hardened concrete were not significantly affected by the inclusion of nylon fibers at a 0.6 kg/m 3 dosage rate (about 0.13 vol. %). In the plastic shrinkage study, 0.91m x 2.4 m panels with a thickness of 44.5 mm were cast in the field and the total area (length x width) of shrinkage cracks was measured 24 hours later. In comparison with the control panel without fibers, the panel containing 0.6 kg/m 3 of 6.4 mm fibers had the same total plastic shrinkage area, the one with 0.9 kg/m 3 of 6.4 mm fibers had a 89% reduction, the one with 0.6 kg/m 3 of 19.1 mm fibers had a 94% reduction, and the one with 0.9 kg/m 3 of 19.1 mm fibers showed no plastic shrinkage crack at the time of measurement.
Wu et al [15, 16, 17] studied the use of recycled fibers from used tires and carpet in concrete to examine their effect on the free shrinkage and the restrained shrinkage cracking behavior of concrete. The free drying shrinkage test followed the standard test methods, ASTM C 596 and C 157. The restrained cracking behavior was investigated using ring specimens of 310 mm inner diameter, 356 mm outer diameter, and 152 mm height, cast around a steel ring with a 22 mm wall thickness.
Total four types of recycled fibers plus two types of virgin fibers were used as the reinforcement in concrete. Three recycled fibers were obtained from disposed tires and one from carpet waste. The tire fibers included two types of tire fabrics composed of polymeric tire cords, tire-rubber strips which were the main component of tires, and tire steel fibers which were the radial steel reinforcement of tires. The fibers from carpet waste contained backing fibers (usually polypropylene), latex adhesive particles, and a small amount of face fibers. In addition, hooked end steel fibers and FiberMesh polypropylene fibers were also used as virgin fibers for comparison. Recycled fiber volume fractions in each composite were fixed at 2% except that the tire steel fiber and the virgin fibers (steel fiber and FiberMesh) were used at a 1 vol. %.
The free shrinkage of concrete with steel fibers was about 7% lower than that of concrete. The free shrinkage of concrete with FiberMesh and recycled polymeric fibers was 23-57% higher than that of concrete. This adverse phenomenon might be attributed to the higher porosity in the composites compared to the plain concrete due to the addition of large amount of synthetic fibers.
The restrained shrinkage cracking behavior, as measured by the total crack width of each ring specimen with respect to time. The crack widths were significantly reduced in the fiber composites including all recycled fibers except that with rubber strips. In the recycled carpet fiber composites, the crack width and spacing were evenly distributed. The crack widths were much larger than that with steel fibers, and about one half of that with FiberMesh.
Fiber Reinforced Soil
Soil can often be regarded as a combination of four basic types: gravel, sand, clay, and silt. it generally has low tensile and shear strength and its characteristics may depend strongly on the environmental conditions (e.g., dry versus wet). Soil reinforcement with geotextile fabrics is a well established technology and is widely used in road construction for soil reinforcement, stabilization, drainage, separation [18] . Soil reinforcement with randomly distributed fibers is another approach which may increase the internal cohesion of soil. In a simple process, fibers, typically at a dosage rate of 0.2-2% by weight, are added and mixed into silt, clay, sand, or lime and cement stabilized soil. Studied have shown that such fiber reinforcement can improve the properties of soil, including the shear strength, compressive strength, bearing capacity, post-peak load strength retention, and the elastic modulus [19, 20, 21, 22, 23, 24] .
Fibers in the soil generally act as tensile reinforcing members. Even when the soil deforms in shear or compression, the normal strains in certain other directions may be a tensile extension. Because the fibers are generally stronger and stiffer than the soil, the deformation is resisted by fibers in the direction of the tensile strains through fiber/soil frictional interactions. The overall failure surface is larger and non-planar due to the presence of fibers, and the failure load and energy are increased. Fibers being stretched still provide resistance, and thus the post-peak strength retention is also increased, making the soil more ductile or tougher.
The increase of the load carrying capability of soil due to fiber reinforcement could result in significant savings in construction cost and time. An increase in allowable slope angle would reduce the space and the amount of soil needed for a slope. As illustrated in Figure 2 , the reduction of soil volume (V) can be calculated from:
where L is the length, H is the height, and α 1 and α 2 are the allowable slope angles for the unreinforced and reinforced soil, respectively. For example, for a one km long, 10 m high slope, the increase of the slope angle from 20° to 30° would save over 50,000 m 3 of soil and reduce the width of the slope by 10 m. This could directly translate into cost and time savings and reduced environmental impact.
One distinguishing feature of fiber reinforcement in comparison with geotextile fabric reinforcement is its maintenance of property isotropy and the absence of weak planes parallel to oriented reinforcement [25] . Successful uses of various fibers including virgin polypropylene and glass to reinforce soil and sand in field studies have been reported [26, 27, 28] . Up to 95% increase in pavement durability has been observed due to soil reinforcement with polypropylene fibers [24] . Additional property enhancement may be achieved by using fiber reinforced soil along with geotextile fabrics.
Chemicals are also used to stabilize soil for certain applications. Lime stabilized clay and Portland cement stabilized sand are two of the examples. The chemical stabilizers, normally added at a 2 to 10% rate, increase soil internal cohesion via chemical bonding. Chemically stabilized soils, which are stiffer and stronger than the unreinforced soils, also exhibit tensile cracking as a major mode of failure. The addition of fibers in such instances can effectively control the opening and propagation of cracks through the bridging actions of the fibers. Enhanced performance of chemically stabilized materials due to fiber reinforcement has been reported [28] , and the use of fibers may allow for a reduction in chemical stabilizer content. Alternatively, the use of fibers may allow reduction in the thickness of the layer in which they are used. Sangineni [29] computed thickness reductions on the order of 5 to 16 percent using data for chemically stabilized materials incorporating fibers.
Recycled Fiber Reinforced Soil
Murray et al [30] conducted a laboratory test program to evaluate the properties of carpet waste fiber reinforced soil. The soil used in the study was classified as a sandy silt. The reinforcing materials used in the study were carpet fibers and virgin fibrillated polypropylene fibers. The carpet fibers were shredded carpet edge trims, consisting of nylon pile fiber, polypropylene backing and adhesives. The carpet fibers range approximately from 10 to 50 mm in length, with a nominal length of 17 mm and nominal width of 0.45 mm. The fibrillated polypropylene fibers are 30.7 mm in length and 4.3 mm in width. Cylindrical specimens were obtained by mixing and compacting soil and fibers, while maintaining a dry density of 1.6 g/cm 3 and a moisture content of 19%.
The fiber-soil specimens were tested under triaxial compression with a confinement pressure of 0, 34.5, and 69.0 kPa. The samples were tested in the as-compacted as well as soaked conditions. The resistance to deformation is measured by the principal stress difference (referred to hereafter as stress), i.e., the compressive stress minus the confining pressure. The confining pressure provides lateral support on the side of the samples, simulating the in-situ lateral earth pressure. This confinement results in a higher vertical load-carrying capability and therefore higher stresses necessary to fail the samples.
The test results are summarized in Table 2 and some typical test curves are shown in Figure 3 . Several improvements in the stress-strain properties of the soil can be seen from the results. The peak stress (actual peak stress or the stress at 20% axial strain where a peak was not evident) increased as the fiber content increased. The increase was very significant, by 204% with 3% carpet fibers at 34.5 kPa confinement, and by 157% with 3% carpet fibers at 34.5 kPa confinement.
At 34.5 kPa confinement, the unreinforced soil samples showed signs of strain softening. There is a definite trend of transition from strain softening to strain hardening with the increase in fiber content. The strain hardening behavior is very desirable for certain applications such as slope stabilization. It is also noted from the triaxial test that the initial stiffness of specimens reinforced with fibers at high dosage rates appears to be lower than that of the control soil specimens. This may indicate that fiber reinforcement of soil is advantageous for applications where the load bearing capability of the soil at large deformation is needed, and that fiber reinforcement may not fully show its benefits if load bearing at small deformation is critical.
A field study was also carried out to demonstrate the feasibility of incorporating carpet waste fibers in road construction. The field trial sites for unpaved county roads were selected to represent several types of soils. Trial sections with carpet waste fibers and virgin fibers were installed in several unpaved roads [31, 32] . The installation involved ripping the soil to a 150 mm depth, spreading the shredded carpet fibers, blending the fibers into the soil, and smoothing and compacting the soil. The fibers used were shredded into a length up to 70 mm long, and about 0.33% by weight of fibers were added. It was very encouraging to observe that the fibers could be mixed into soil with reasonable consistency in the field. Assessment of the unpaved roads by visual inspections confirmed that fibers in soil could improve the durability for certain types of soils, and thus reducing the need for frequent regrading. Levees, landfills, retaining structures backfill, roadway slopes, and sports surfaces are among the most promising applications for fiber reinforced soil to take advantages of the property improvement.
Summary
Carpet waste disposed of in landfills each year in the U.S. is about 2-3 million tons and about 4-6 million tons per year worldwide. Reinforcements of concrete and soil with discrete fibers are proven technologies to enhance the performance of these construction materials. Because of the vast amount of concrete and soil involved in construction, the potential market for recycled fibers for such applications is very large.
Carpet waste for soil and concrete reinforcement requires only a simple and inexpensive shredding process. For soil applications, virtually all types of carpet are suitable, and therefore sorting is not necessary. For concrete reinforcement, only nylon and polypropylene carpet should be used. It is also possible to mechanically remove nylon face fibers from a nylon carpet to produce nylon resins and use the less-valuable residual composed of mostly polypropylene backing for concrete and soil reinforcement.
Studies on the properties of fiber reinforced concrete with carpet waste fibers have shown that waste fiber reinforcement can effectively improve the shatter resistance, toughness, and ductility of concrete. The use of low-cost waste fiber for concrete reinforcement could lead to improved infrastructure with better durability and reliability. Other applications could include pavements, columns, bridge decks and barriers, and for airport construction as runways and taxiways.
The use of carpet waste for soil reinforcement was shown to increase the triaxial compressive strength and ductility of soil. Field trials showed that shredded carpet waste fibers (to 70 mm long) can be blended into soil with conventional equipment. The availability of low cost fibers from carpet waste could lead to wider use of fiber reinforced soil and more cost-effective construction. 
